Background and Purpose-The purpose of this study was to determine if the assessment of intracranial collateral circulation by CT angiography and/or perfusion CT (PCT) can predict the risk of future ischemic stroke in a large, retrospective cohort study. Methods-We identified 135 consecutive patients who underwent CT angiography of the head and neck and PCT of the brain at baseline and with subsequent follow-up brain imaging. Clinical and demographic information and carotid wall features were collected. Collateral circulation was assessed anatomically at CT angiography and functionally by measuring the mean transit time delay at PCT. The clinical, carotid, CT angiography, and PCT variables were compared between those with and without new incident infarct at follow-up imaging using mixed effect logistic statistical models. Results-During the follow-up period, 15 patients developed a new infarct and 120 patients did not. Clinical features associated with the stroke risk were age, hypertension, hyperlipidemia, and atrial fibrillation. The carotid features associated with stroke risk were wall thickness. Anatomic assessment of collaterals on CT angiography was not associated with stroke risk, whereas the functional assessment of collaterals (mean transit time delay on PCT) was associated with stroke risk. In a multivariate model, age, atrial fibrillation, and mean transit time delay (OR, 22.8; PϽ0.001) were the only covariates that were independent predictors of future ischemic stroke. 
S
troke is a leading cause of death and long-term disability in the United States with nearly 800 000 new or recurrent strokes occurring annually. 1 Cardiovascular disease represents a large financial burden on the US healthcare system with an estimated $41 billion attributed to the direct and indirect annual costs of acute stroke. 1 There is considerable data suggesting that most cerebrovascular disease is preventable through risk factor modification [2] [3] [4] [5] [6] [7] indicating an important role for primary and secondary prevention. However, although effective in reducing the risk of stroke, there is debate as to whether pharmacological treatment and behavioral modifications represent cost-effective strategies for preventing cerebrovascular events. 8 -12 Optimizing the costeffectiveness of preventive measures requires accurate risk stratification such that prevention can be targeted to those at highest risk.
In addition to assessing systemic factors such as hypertension, hyperlipidemia, diabetes mellitus, obesity, and a sedentary lifestyle, risk stratification is largely based on the evaluation of extracranial pathology: atrial fibrillation, carotid stenosis, and carotid vulnerable plaques. Strategies targeting these factors aim at reducing the risk of "wash-in" of emboli but do not address a separate, important component of ischemic stroke pathophysiology: the cerebral circulation "wash-out" typically supported by the intracranial collateral circulation. Decreased wash-out exacerbates the ischemic consequences of emboli by impairing the clearance of emboli from the intracranial vasculature. 13, 14 Evidence in support of such an intertwined relationship includes correlations of ipsilateral, nonsignificant carotid arterial stenosis with risk of infarct, 15, 16 of impaired cerebrovascular reserve with risk of infarct, 17, 18 and of reduced collateral flow with poor prognosis after thrombolytic therapy 19, 20 and with risk of future stroke. 21 Acute stroke imaging with CT angiography (CTA) and perfusion CT (PCT) is primarily used for the detection of infarct and distinguishing infarct core from salvageable tissue at risk. [22] [23] [24] However, these imaging protocols also provide an anatomic and functional assessment of intracranial collateral circulation and, therefore, may be useful in the nonacute setting for future stroke risk stratification. Intracranial collateral circulation can be characterized anatomically on CTA and its impairment can be characterized functionally on PCT by demonstrating delayed arrival of intravenous contrast to the brain parenchyma. Thus, the goal of our study was to determine if the assessment of collaterals on CTA and PCT can predict the risk of future ischemic stroke.
Materials and Methods

Study Design
This was a retrospective cohort study in which clinical and imaging data, obtained as part of routine stroke care, was reviewed with the approval of the Institutional Review Board. This study was compliant with the Health Insurance Portability and Accountability Act.
At our institution, patients with symptoms suggestive of acute stroke and no contraindications to intravenous iodinated contrast routinely undergo a stroke CT imaging workup which includes a noncontrast CT, PCT, CTA of the cervical and intracranial vessels, and a postcontrast cerebral CT.
We retrospectively identified all patients who had undergone CT/CTA evaluation of the brain and carotid arteries between January 2001 and January 2007. Only patients who also had PCT at initial imaging as well as a follow-up brain imaging study (with CT or MR) at least 14 days after baseline CTA were included. Patients demonstrating CT evidence of either remote or acute ischemic infarct at baseline imaging were excluded because these patients are in a separate risk category from those without evidence of ischemia at baseline. In addition, patients with baseline diagnoses of vascular dissection, vasculitis, venous thrombosis, intracranial hemorrhage, tumor, and trauma were excluded, because these disease entities are likely to affect the baseline perfusion patterns independently of collateral flow. Patients who had a carotid endarterectomy or cardiac surgery were also excluded. Their inclusion would have significantly affected our results, because the risk of subsequent infarct would be confounded by the procedure. Furthermore, infarct is itself a risk inherent to endarterectomies and invasive cardiac surgeries.
PCT and CTA Imaging Protocols
PCT studies were obtained on 64-slice CT scanners. Each PCT study involved successive gantry rotations performed in cine mode during intravenous administration of iodinated contrast material. Images were acquired and reconstructed at a temporal sampling rate of 1 image per second for the first 37 seconds and 1 image every 2 seconds for the next 33 seconds. Acquisition parameters were 80 kVp and 100 mAs. Two successive PCT series at 2 different levels were performed following the noncontrast CT and before the CTA. At each PCT level, eight 5-mm-thick slices were assessed. CT gantry tilt for all perfusion CT (and noncontrast CT) studies was selected parallel to the hard palate. The first PCT series was obtained immediately above the orbits, at the level of the third ventricle and the basal ganglia, and the second PCT series was obtained immediately superior to the first PCT slab, above the lateral ventricles. For each PCT series, a 40-mL bolus of iohexol (Omnipaque; Amersham Health, Princeton, NJ; 300 mgI/mL) was administered into an antecubital vein using a power injector at an injection rate of 5 mL per second. CT scanning was initiated 7 seconds after the start of the injection of the contrast bolus.
The CTA studies of the cervical and intracranial arteries were obtained after the acquisition of the PCT with an image acquisition protocol as follows: helical mode, 0.6-second gantry rotation, pitch: 1.375:1, slice thickness: 0.625 mm, reconstruction interval: 0.5 mm, and acquisition parameters: 120 kVp/240 mA. A caudocranial scanning direction was selected covering the midchest to the vertex of the brain. Seventy milliliters of Iohexol (Omnipaque; Amersham Health; 300 mgI/mL) was injected into an antecubital vein with a power injector at a rate of 5 mL per second. Optimal timing of the CTA acquisition was achieved using the PCT as a test bolus.
Image Postprocessing
PCT data were analyzed using commercially available PCT software (Brain Perfusion; Philips Healthcare, Cleveland, OH). This software relies on the central volume principle, which is the most accurate for low injection rates of iodinated contrast material. The software obtains mathematical descriptions of the time-density curves for each pixel by applying least mean squares curve fitting after correcting for motion and noise reduction through an anisotropic, edge-preserving spatial filter. Deconvolution is then applied to calculate the mean transit time (MTT) map. The deconvolution operation requires a reference arterial input function (most often within the anterior cerebral artery) automatically selected by the PCT software within a region of interest drawn by the user. The cerebral blood volume map is calculated from the area under the time-density curves compared with a similarly obtained venous reference curve. 24 Each PCT data set was analyzed twice, once using delaycorrection (resulting in delay-corrected MTT) and once without delay-correction (resulting in delay-sensitive MTT). The difference between the delay-sensitive MTT and delay-corrected MTT was computed into a PCT delay map. PCT delay values were recorded in 4 vascular territories for each hemisphere: middle cerebral artery (MCA) territory, posterior cerebral artery territory, anterior cerebral artery/MCA watershed territory, and MCA/posterior cerebral artery watershed territory.
The carotid CTA studies were automatically processed using a custom automated classifier computer algorithm, which has been validated using histology derived from carotid endarterectomy specimens as the reference standard. 25 This algorithm segments the inner and outer contours of the carotid artery wall and uses appropriate thresholds of CT density to distinguish between the histological components of the wall (lipids, calcium). A color overlay is then applied to create a visual display of the carotid wall composition for each CTA image.
Measurements were recorded for the 2.5 cm of the common carotid artery immediately proximal to the carotid bifurcation and the 2.5 cm of the internal carotid artery immediately distal to the carotid bifurcation. The automated carotid CTA analysis extracted parameters relating to the vessel lumen, vessel wall, lipid composition of plaque, and calcium composition of plaque. The location of the largest lipid and calcium clusters was described as a percent of the carotid wall thickness with 0% indicating the center of the cluster immediately adjacent to the inner contour and 100% the center of the cluster immediately adjacent to the outer contour.
The radiologist processing the PCT data sets and the radiologist processing the CTA data sets were blinded to the clinical findings of the imaged patients and to the outcome group to which they belonged.
Baseline Image Review
The baseline CT studies of the brain (including PCT) and any brain imaging studies obtained within the first 14 days after the baseline CT were reviewed by a neuroradiologist for the presence or absence of acute infarction and its distribution (unilateral or bilateral). The 14-day interval was selected because an acute infarct may not be conspicuous on the initial parenchymal imaging, especially if CT is the imaging modality. However, in this setting, the patient is likely to undergo repeat imaging with CT or MRI within the first 2 weeks depicting the acute infarct. The neuroradiologist reviewed the same studies of the brain parenchyma for the presence of remote infarcts.
An anatomic assessment of the circle of Willis and leptomeningeal collateral systems was made by review of the CTA studies by a neuroradiologist. The circle of Willis collateral system was assessed by noting the presence or absence of a patent supraclinoid internal carotid artery, anterior communicating artery, A1 segment of the anterior cerebral artery, posterior communicating artery, and P1 segment of the posterior cerebral artery. A score of up to 5 was given to each hemisphere (a score of 0ϭnone of the vessels were present and patent; a score of 5ϭall vessels were patent and present). The leptomeningeal collateral system was assessed by noting the presence or absence of anastomoses between distal segments of the anterior cerebral artery and MCA and distal segments of the MCA and posterior cerebral artery. A score of up to 2 was given to each hemisphere (a score of 0ϭnone of these anastomoses were identified; a score of 1ϭonly 1 of these anastomoses was identified; a score of 2ϭboth of these anastomoses were identified).
During the review of the baseline imaging, the neuroradiologist was blinded to the clinical findings, the outcome group, and the results of the automatic analysis of the carotid wall produced by the computer algorithm.
Follow-Up Image Review
A neuroradiologist evaluated all follow-up studies of the brain parenchyma obtained at least 14 days after the baseline CTA for the presence or absence of an acute infarct and its distribution. The assumption was that any brain parenchymal imaging study obtained Ͼ14 days after an initial stroke study would likely be triggered by a new clinical event. All studies demonstrating new incident infarcts were compared with the baseline stroke imaging to ensure that there was no retrospective evidence of acute infarct at baseline imaging in the location of abnormality detected at follow-up imaging.
Medical Chart Review
The medical records of the patients were reviewed and the following clinical variables were extracted: age, gender, race, cardiovascular risk factors (history of smoking, hypertension, diabetes, and hyperlipidemia), atrial fibrillation, and chronic disease pharmacological treatment (antihypertensive, glucose-lowering, antihyperlipidemic, anticoagulation, and aspirin therapy).
Patient/Hemisphere Classification
In conjunction with the imaging, all available clinical information was reviewed to determine whether the patient experienced an acute stroke at baseline and thus excluded from the study.
Based on clinical findings and interpretation of baseline and follow-up imaging, each cerebral hemisphere was assigned to 1 of 2 outcome groups: new incident hemispheric infarct or no new incident hemispheric infarct.
Statistical Analysis
Statistical analyses were performed using STATA, Version 9.2 (College Station, TX). Fisher exact test was used to compare race distribution and the proportion of patients with MR as the follow-up imaging modality between outcome groups. All other variables were evaluated using a mixed effect logistic model with fixed effect for patient. Covariates (including clinical, carotid, and intracranial imaging data) that demonstrated a probability value of Ͻ0.30 were included in a multivariate mixed effect logistic model with fixed effect for patient. A probability value of Յ0.05 was considered as a statistically significant result.
Results
Study Population
One thousand consecutive patients who underwent a brain/ carotid CT/CTA in our emergency department from January 2001 to January 2007 were considered for this study. In addition to the baseline imaging, all patients received subsequent follow-up brain imaging at least 2 weeks after the initial imaging. Classification of the study population and exclusions is summarized in Figure 1 ; 135 patients were retained in the study population after all exclusion criteria were applied. The indications for the follow-up imaging are summarized in Supplemental Table I ( 
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located in a MCA distribution. These new hemispheric infarcts developed at an undetermined time point between the baseline and the follow-up imaging. The time interval between baseline and follow-up imaging was similar between classification groups (Table 1) .
Clinical Variables
The patients in the new hemispheric infarct group were older with a mean age of 76 years versus 62 years in the nonnew hemispheric infarct group (PϽ0.001). Additionally, patients in the new hemispheric infarct group had a higher incidence of hypertension (93% versus 59%, Pϭ0. 
Carotid Imaging Analysis
Results for the univariate mixed effect model analysis of the imaging variables obtained from the automated analysis of the CT appearance of the carotid arteries are reported in Table  2 .
Only the maximum wall thickness demonstrated a statistically significant difference between outcome groups with a mean value of 4.3 mm in the new hemispheric infarct group versus 3.8 in the nonnew hemispheric infarct group (Pϭ0.002). The maximum wall thickness, percent of wall that is calcified, and the number of calcium clusters demonstrated a probability value of Ͻ0.30.
Anatomic and Functional Collateral Analysis
Results for the univariate mixed effect model analysis of the anatomic definition of the collateral system as well as the PCT derived functional collateral definition (perfusion delay) are reported in Supplemental Table II . The anatomic assessment of collateral flow on CTA did not demonstrate a statistically significant association with future ischemic stroke. The PCT-derived delay parameter that demonstrated a statistically significant association with future stroke was the MTT delay in the MCA territory. There was no statistically significant correlation between the MTT delay in the MCA territory and the CTA-derived circle of Willis collateral score (R 2 ϭ0.004, Pϭ0.58; Figure 2 ) or the leptomeningeal collateral score (R 2 ϭ0.007, Pϭ0.38; Figure 3 ).
Multivariate Statistical Analyses
In the multivariate mixed effect logistic model, including the clinical, carotid, and intracranial imaging variables The area under the receiver operating characteristic curve for the MTT delay in the MCA territory was 0.83 (Figure 4) and demonstrated a sensitivity of 1.00, specificity of 0.71, and likelihood ratio of 3.49 when a threshold value of Ͼ0.5 seconds was used. The area under the receiver operating characteristic curve for the entire model (including age, atrial Data represent meansϮSD. ORs represent comparisons between carotid arteries on the side of hemispheres with new incident infarct and carotid arteries on the side of hemispheres without new incident infarct. Ulcerations are proportion of patients demonstrating concave irregularities in the contour of the carotid lumen. Lipid proportion is percent of lipids compared to the total no. of voxels in the carotid wall. Lipid cluster is defined as Ն20 adjacent "lipid" voxels. Calcium proportion is percent of calcium compared with the total no. of voxels in the carotid wall. Calcium cluster is defined as Ն20 adjacent "calcium" voxels.
NASCET indicates North American Symptomatic Carotid Endarterectomy Trial. *Variables that had a trend toward difference (PϽ0.30) in the carotid arteries on the side of hemispheres with new incident infarct and in the carotid arteries on the side of hemispheres without new incident infarct. 
Discussion
Ipsilateral carotid stenosis and poor collateralization can lead to perfusion delays, which are appreciable on PCT perfusion maps, although these abnormalities do not reflect infarct. 26 The delayed arrival of intravenously injected contrast material can be corrected for by using delay-corrected PCT software that normalize for this delay so that the resultant perfusion abnormalities are not confused with ischemia. [27] [28] [29] However, delayed perfusion is a quantifiable reflection of intracranial hemodynamics, which may relate to the ability to wash out emboli from the cerebral circulation and, therefore, should not be immediately discarded because it theoretically relates to the risk of developing a future ischemic stroke.
The retrospective cohort study design used in this study permitted assessing the prediction of future ischemic stroke rather than simply the association between variables and outcome, and our data indicate that the PCT delay in MTT is an independent predictor of future ischemic stroke. This finding supports Caplan's concept of "wash-out" as an entity that is protective against future stroke. 13,14 Of note, it was impossible for us to assess in this retrospective study whether prolonged MTT delay at baseline was the hallmark of a recent transient ischemic attack or whether patients with prolonged MTT delay at baseline were more likely to develop transient ischemic attacks during their follow-up. Transient ischemic attack and MTT delay need not be mutually exclusive but may represent clinical and imaging markers of the same process and stroke risk.
PCT and CTA assessment of collateralization did not demonstrate an appreciable correlation with each other, and unlike the functional assessment of collateralization by PCT, the anatomic assessment of collateralization by CTA was not predictive of future stroke. Our findings indicate that functional assessment of collaterals is superior to anatomic assessment. These results are somewhat contradictory to published data, which demonstrate an association between anatomically defined collateral circulation and risk of stroke. 21 The discrepancy likely relates to the superior characterization of collateralization that can be achieved with digital subtraction angiography (as performed in the cited study) compared with CTA (as performed in our study). Our results suggest that collateral circulation is inadequately assessed by CTA alone, and the MTT delay helps overcome the inherent lack of anatomic resolution in CTA. As such, PCT constitutes an attractive, noninvasive alternative to digital subtraction angiography to quantify collateral blood flow and the risk of future ischemic stroke. Furthermore, the additional time required for postprocessing of PCT data sets is negligible, because current software is able to automatically generate the perfusion delay data.
In the multivariate statistical model, risk for stroke was associated with atrial fibrillation but not the carotid wall features. The most likely explanation for this observation relates to the fact that our study included ischemic strokes of both cardiac and carotid origin. Cardiac origin strokes were likely more prevalent than carotid origin strokes in our study population, thereby diluting the effects of carotid features in the statistical analysis and rendering them statistically nonsignificant.
There are several limitations of this study. First, this was a retrospective cohort study and subject to the inherent limitations of such a study design. As mentioned, a correlation of the imaging with the clinical findings was not possible due to lack of available clinical data. Additionally, it is very likely that more patients would have developed stroke if the follow-up period was extended. However, the follow-up time was similar between the nonstroke and the stroke groups, indicating that the follow-up time did not bias our results. Second, although our study had a moderate number of subjects, the number of new incident infarcts was small. Finally, our study population included only patients who underwent a CT stroke survey and had no evidence of prior stroke. This is a selected sample with a risk of stroke that is likely greater than that of the general population (who does not undergo stroke CT surveys) and lower than those patients with prior infarcts. Furthermore, the patients with carotid occlusion or carotid endarterectomy were excluded; thus, the patients with the most severe carotid disease were not part of the study cohort. These exclusions limit our ability to generalize the study results, although the internal validity of the results should not be affected.
Conclusions
The PCT MTT delay contains important physiological information and should not be discarded. The MTT delay is a simple method to quantify the cerebral circulation "wash-out" and helps overcome the lack of anatomic resolution of CTA for collateral assessment. Furthermore, patients with increased MTT delay are at increased risk of developing infarct in the future. These patients may benefit from more aggressive primary prevention measures, although this assertion needs to be confirmed prospectively. The value of increased MTT delay as an imaging marker for the occurrence of or risk for transient ischemic attacks also needs to be assessed. 
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